Coupling mechanical degrees of freedom to single well-controlled quantum systems has become subject to intense research recently. Here, we report on the design, fabrication, and characterization of a diamond architecture consisting of a high-quality thin circular diamond membrane with embedded near-surface nitrogen-vacancy centers (NVCs). To demonstrate this architecture, we employ the NVCs by means of their optical and spin interfaces as nanosensors of the motion of the membrane under static pressure and in-resonance vibration. We also monitor the static residual stress within the membrane using the same method. Driving the membrane at its fundamental resonance mode, we observe coupling of this vibrational mode to the spin of the NVCs. Our realization of this architecture can manifest the applications of diamond structures in 3D piezometry such as mechanobiology and vibrometry, as well as mechanically mediated spin-spin coupling in quantum-information science.
I. INTRODUCTION
Quantum hybrid systems (QHSs) consisting of quantum objects and high-quality mechanical structures have attracted significant research attention in recent years [1, 2] . As a prominent qubit in a host with outstanding mechanical properties, negatively charged nitrogenvacancy centers (NVCs) have been considered in several proposals for applications in quantum-information science and nanoforce sensing [3] [4] [5] . NVCs in diamond possess excellent spin and optical properties [6] which deliver them distinguished capabilities for quantum technologies, such as high-sensitivity quantum nanosensing of magnetic [7] [8] [9] and electric fields [10] . Complementing this fact, single-crystal diamond (SCD) features notable mechanical properties, like high Young's modulus and low intrinsic dissipation [11] . Combining these advantages, breakthrough steps have been taken by coupling the fundamental vibrational mode of diamond micro- [12, 13] and nanocantilevers [14] to the ground-state spin of NVCs [15] [16] [17] .
Besides micro-and nanocantilevers, thin circular membranes are also well-known mechanical structures, being utilized in a wide range of applications, from high-precision pressure sensing [18] to observation of quantum effects such as cavity quantum electrodynamics (QED) [19] . For instance, silicon nitride (Si 3 N 4 ) thin membranes with lateral dimensions of a few millimeters and submicron thickness have been extensively employed in QED experiments [20] , e.g., in membrane-in-the-middle geometry [21] . Nevertheless, for some materials, like SCD, realization of such a prevalent structure [22] free from cracks and trenches remains a significant challenge. Furthermore, SCD-NVC hybrid systems show additional striking characteristics, like low cytotoxicity and long-term stability [24] , which make them attractive for other applications [25] . For example, they could be designed for noninvasive, three-dimensional, and real-time measurement of extracellular forces (e.g., in traction force microscopy [26] ). Towards such techniques, more detailed information about the mechanical properties of the diamond microand nanostructures, as well as the mechanical interaction of the NVCs, is required.
In this paper, we present a QHS based on NVCs embedded approximately 15 nm under the surface of a thin circular SCD membrane (hereafter referred to as "membrane"). This SCD membrane has a diameter of approximately 1.1 mm, a thickness of approximately 1.2 μm, and a surface roughness of approximately 0.4 nm, thus showing a diamater-to-thickness ratio of approximately 1000. To examine the mechanical properties of this membrane, we employ NVCs as nanosensors coupled to different mechanical degrees of freedom of the membrane. We measure the fluorescence point-spread function (PSF) [27] of individual embedded NVCs by means of confocal microscopy to detect the deflection of the membrane under a static (dc) applied pressure. As a result, by applying the continuum mechanics theory (CMT) of thin membranes [18] , we infer an effective thickness of approximately 1.2 μm and an average radial residual stress of 54 MPa. Furthermore, by means of coupling of the ground-state spin levels of the NVCs to the mechanics of the membrane, we monitor the membrane under applied dc pressure and in-resonance vibration (ac), as well as its residual stress. In such a manner, we observe an approximately 2.3-MHz spin-resonance frequency shift under 1 bar of applied dc pressure. In addition, a radial residual stress of approximately 52 MPa is detected by means of the spins of single NVCs, which shows good consistency with the value derived from the confocal microscopy measurements and mechanics model of the membrane. Moreover, we perform further benchmark measurements, namely, the Hahn echo sequence, to acquire more detailed information from the spin-phonon coupling regime.
II. CONTINUUM MECHANICS AND SPIN-STRESS MODEL
Based on their thickness (t) and central deflection (w) under a given applied pressure (P), circular membranes in CMT are classified into two main categories of thin and thick membranes [18] . In this work, we focus on developing thin SCD circular membranes since, according to CMT, thin membranes (w > t) show a higher sensitivity to the applied pressure than thick ones (w < t) [18] . The P-w relation for thin circular membranes, neglecting bending moments, is given by
in which σ 0 and R are the radial residual stress and the radius of the membrane, and E ≈ 1.2 × 10 12 Pa and ν ¼ 0.069 are the diamond Young's modulus and Poisson's ratio, respectively. Hereafter, we assume that 1 − ν 2 ≈ 1 in Eq. (1). As can be seen in Eq. (1), a thin membrane is expected to exhibit a nonlinear response to the applied pressure. In addition, for a given applied pressure, membranes with larger radii deflect more. Consequently, notwithstanding nonlinear behavior, maximum pressure sensitivity is achieved for the maximum possible radius and the minimum possible thickness.
Deflection of the diamond membrane under the applied pressure creates crystal stress in the diamond lattice, which alters the ground-state spin-resonance frequencies of the embedded NVCs through longitudinal and transverse shifts [15, 16, [28] [29] [30] . In this work, we are limited to only the longitudinal frequency shift, and thus the stress along the axis of the NVCs. In the cylindrical coordinate system (r, θ), the radial and tangential strain vs the central deflection for a thin circular diamond membrane can be written as [18] 
respectively. To convert the central deflection of the membrane to the longitudinal shift in the NVC groundstate spin-resonance levels, we apply the spin-stress model [5] . In this model, the longitudinal frequency shift is expressed vs six different stress components of the stress tensor [31] :
where A 1 and A 2 are constants equal 4.86 and −1.55 MHz=GPa, respectively [5] . For a (100) diamond surface, the matrix form of the stress tensors of each NVC orientation (A-D) are given by
Therefore, the longitudinal frequency shifts corresponding to each orientation (A-D) are as follows: 
III. MEMBRANE-NVC DEVICE FABRICATION
Our approach to fabricating such a hybrid device is as follows: prior to the membrane fabrication, NVCs are generated with the aid of a nitrogen implantation technique [32] with the energy and dose of 10 keV and 50 μm −2 , respectively, in an approximately (2 × 2 × 0.027)-mm [100]-oriented single-crystal CVD electronic grade ( 13 C natural abundance) diamond film [23] . The chosen implantation dose and energy result in single NVCs with an average depth of approximately 15 nm under the diamond surface, resolvable by confocal microscopy. Then, by means of an etching technique based on an Ar=SF 6 plasma-gas mixture and an auxiliary diamond with an angled-wall hole to act as an etching mask [ Fig. 1(a) ], the membrane is created from the SCD film by etching for a depth of > 25 μm [ Fig. 1(b) ]. A crucial role is played by the angled wall of the hole in the diamond etching mask, which results in homogeneous etching with minor deviations over the whole membrane area (approximately 0.1%). This mask also avoids the cracks and trenches at the membrane edge which appear in earlier attempts. Notably, the presented etching recipe achieves both a relatively high etching rate and a remarkably smooth final surface. The etching rate is measured to be approximately 170 nm= min, followed by a surface roughness of approximately 0.4 nm showing an approximately fivefold enhancement in comparison to the initial value (measured by AFM [33] ). After etching, the sample is cleaned and mounted [schematically shown in Fig. 1(c) ] in a homebuilt confocal setup capable of pulsed optical and microwave pulses (as explained previously in Ref. [34] ). Figure 1(d) shows a confocal image from the implanted NVCs near the center of the membrane. More detailed information about the fabrication process is given in Appendix B.
IV. MEASUREMENTS IN THE dc REGIME A. Optical measurements
As a first step in obtaining information about the mechanical properties of the membrane, we perform optical measurements of the membrane deflection under a dc pressure through the NVCs as the embedded local nanosensors. To that aim, the sample is installed under a nitrogen-gas-pressure vessel [as depicted schematically in Fig. 1(c) ], positioned on top of the confocal setup. The fluorescence PSF (z axis) of single NVCs near the center of the membrane is monitored as the nitrogen-gas pressure is increased. The applied pressure vs the deflection of the membrane at its center is shown in Fig. 2 (a). The obvious nonlinear (cubic polynomial) behavior clearly shows that the final structure thoroughly obeys the CMT of thin circular membranes [Eq. (1)]. Fitting the data using the model [Eq. (1)] yields values of t ¼ 1.2 AE 0.2 μm and σ 0 ¼ 54 AE 6 MPa for the effective thickness and the radial compressive residual stress, respectively. This derived thickness is in good agreement with the value of approximately 1 to 2 μm that is obtained by direct microscopy. As a complementary attempt to assess the sensitivity of the presented hybrid device to pressure, we apply a small pressure while monitoring the fluorescence photon-count rate of a single NVC at the center of the membrane. As can be seen in Fig. 2(b) , an approximately 2 × 10 3 =s decrease in the photon-count rate is clearly observed. This change in the fluorescence rate can be then attributed to the displacement in z focus of the PSF of the NVC and then converted into an applied dc pressure as small as approximately 40 Pa. In this case, the photon shot-noise limit on the pressure sensitivity is < 6 ðPa= ffiffiffiffiffiffi Hz p Þ, which can be improved by increasing the photon-count rate of the NVCs as nanoprobes through incorporating an ensemble of NVCs into this structure. To compare the minimum detected pressure (MDP) of our hybrid device using quantum nanosensors (approximately 40 Pa) with recently presented microelectromechanical systems (MEMS)-based pressure sensors, we could say that our device is comparable to the MEMS piezoelectric or capacitive pressure sensors (MDP ≈ 10-1000 Pa) [35] [36] [37] [38] , but, however, less sensitive in comparison to the flexible sensors, e.g., presented in Ref. [39] (MDP ¼ 0.1 Pa). See Appendix C for more details.
B. ODMR measurements
In the next step, we employ the ground-state spins of the NVCs as nanoprobes of the dc mechanical motion of the membrane. Based on Eq. (6), two different frequency shifts (Δ AE ) are expected for two different sets of NVC crystallographic orientations (A, C and B, D) under the (100) diamond surface. However, both shift distributions have identical maxima at the center of the membrane (r ¼ 0) [see Fig. 3(a) and 3(b) ]. Assuming a thickness and a radius of the membrane equal to 1.2 and 575 μm, respectively, the longitudinal frequency shift of a single NVC at the center of the membrane is calculated to be
where w is in microns. To measure this frequency shift, optically detected magnetic-resonance (ODMR) measurements [6] are performed on single NVCs near the center of the membrane. To be confined to the longitudinal frequency shift and to suppress the transverse one, approximately 90 G of magnetic field is aligned to the axis of the NVC under investigation. As plotted in Fig. 3(c) , the linear behavior of the longitudinal frequency shift (plotted in absolute values) vs the applied pressure is measured, with a gradient of approximately 2.3 MHz=bar. As shown in Fig. 3(c) , an appropriate consistency between the experimental and theoretical curves [based on Eq. (7)] can be seen, which supports our model of the spin-mechanical coupling and mechanics of the membrane. A slight deviation between these two curves can be attributed to the small inhomogeneity in the thickness of the membrane close to its rim as well as to nonideal clamping conditions.
In addition to the applied static pressure, single NVCs are used as local probes to sense the residual stress in the device. Residual stress is an inevitable component of micro-and nanostructures which causes their mechanical properties to deviate from the expected values [18] and thus complicates and limits their application. As assumed in CMT, the main residual stress in the circular membrane geometry is the radial residual stress due to clamping [18] . To measure this residual stress, we inspect 15 NVCs for each four different orientations located radially at the center of the membrane, and we record the longitudinal frequency shift from the default value of D ¼ 2.870 GHz. The average shift is measured to be approximately 0.82 MHz. To exclude the residual stress due to the vicinity of the NVCs to the diamond surface, we inspect 30 NVCs implanted in the same depth in a reference sample and, by the same method, obtain the value of approximately 0.57 MHz, thus giving a net frequency shift of approximately 0.25 MHz. Based on the spin-stress model and CMT, the residual longitudinal frequency shift at the center of the membrane is equal to A 1 σ 0 . In this way, radial residual stress of σ 0 ≈ 52 MPa is obtained, showing good agreement with σ 0 ≈ 54 MPa achieved through optical measurements. This result highlights the capability of NVCs as sensitive nanoscale probes to characterize the residual stress in diamond mechanical structures. 
V. MEASUREMENTS IN THE ac REGIME
Towards implementation of proposals based on NVC spin-oscillator systems [3, 4] , we study the ac mechanical behavior of the NVC-membrane device. We focus on the lowest order (fundamental) vibrational mode of the membrane that resembles a drum-shaped vibration with maximum amplitude at its center [18] . To excite the fundamental mode, the membrane is installed on top of a piezoelectric chip connected to a frequency generator.
A. Optical measurements
To acquire the resonance frequency, the fluorescence photon count rate of a single NVC near the center of the membrane is monitored while the frequency of the piezoelectric chip is swept. A dip in the fluorescence intensity at ω ≈ 2π × 63 kHz is detected, indicating the fundamental resonance mode of the membrane. The same result is observed using an interferometry method [12, 13, 40] . In both methods, other technical errors, such as the resonance frequency of the piezoelectric chip, are excluded by monitoring the thick part of the diamond film lying far from the membrane. A two-digit quality factor is obtained using both techniques. Since the quality factor is likely to be limited by atmospheric damping, we expect that higher quality factors can be achieved in vacuum [13] . By knowing the fundamental mode frequency of the membrane [18] given by ω ≅ 2.6 r ffiffi ffi ρ p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi
and its effective mass as m eff ¼ 1.8m real [41] where m real is the real mass of the membrane, the zero-point fluctuation of the membrane [4] will be given by z ZPF ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ℏ=2m eff ω p ≈ 10 −16 m. In the resonant driving regime, the vibrational amplitude of the membrane is estimated optically via an analogous technique to the dc optical measurements. In this way, the vibrationally induced broadening of the PSF [27] of single NVCs near the center of the membrane is estimated vs different piezoelectric-driving voltages [42] [ Fig. 4(a) ]. Like the displacement with dc pressure, the vibrational amplitude is nonlinear in the piezoelectric-driving voltage. However, for small voltages (less than 2 V), it can be seen that the amplitude is approximately linear. In this voltage regime, a linear slope of approximately 0.38 μm=V can be fitted.
B. Spin-echo measurements
To monitor the coupling of the spin of NVCs to the fundamental mode of the membrane, we perform spin-echo (Hahn echo sequence) measurements on single NVCs near the center of the membrane while its fundamental mode is driven. A magnetic field of approximately 290 G is aligned to the axis of the NVCs. NVCs near the center of the membrane couple dominantly to its fundamental vibration mode. This vibration induces a modulation of the applied magnetic field sensed by the NVC-and thus its spinresonance frequencies [4, 16] . One can approximate this vibrationally induced interaction between the NVC spin and the membrane oscillator in the linear regime (low piezoelectric voltages) through a periodic detuning term λ g zðvÞ cos ωt, where λ is the coupling parameter of the spin to a membrane vibration quantum, and g zðvÞ is the voltagedependent dimensionless amplitude of the oscillation (i.e., the vibration amplitude at each piezoelectric-driving voltage divided by z ZPF ) [4] . As shown by Bennett et al. [4] , this nonsynchronized vibrationally induced detuning results in decoherence of the NVC spin, observable, e.g., in the Hahn echo signal. In this way, the Hahn echo signal depends upon the zeroth-order Bessel function J 0 ½4ðλ g zðvÞ=ωÞsin 2 ðωt=2Þ (see Appendix D for more details). We observe experimentally [ Fig. 4(b) ] that under a driving of the membrane at its fundamental vibrational mode, the standard Hahn echo signal shows an oscillation which fits to the Bessel function mentioned above. Using this fit, the coupling parameter is estimated to be λ ¼ 6.12 AE 0.51 × 10 −4 rad=s, which corresponds to a vibrationally induced magnetic-field gradient of approximately 27 T=m. Regarding further realizations of proposals towards quantum-information processing using NVC-diamond mechanical structure hybrid devices [3] , the coupling parameter can be drastically improved by reducing the membrane dimension and applying a higher magnetic-field gradient [see Fig. 4(c) ]. For instance, by further reducing the radius and the thickness of the membrane to 100 and 0.3 μm, respectively, and by employing magnetic structures [44, 45] introducing magnetic-field gradients of 5 × 10 6 T=m, the coupling parameter λ can be improved by 5 orders of magnitude, exceeding 50 Hz. This term plays an important role, while the requirement for a single phonon of the membrane fluctuation to strongly influence the spin coherence of the embedded NVC is evaluated by the cooperativity term, which scales with λ 2 [4] . The resulting driven decoherence rate (Γ driven ¼ 2π=T driven 2 ) [15] vs piezoelectric-driving voltage is depicted in Fig. 4(d) . As shown, it presents an ascending behavior as piezoelectric-driving voltage increases. The precise origin of this voltage-dependent decoherence is not clear. However, we suspect it to be related to the nonlinearity of the membrane's mechanics and related factors, such as the imperfect damping and coupled excitation of multiple vibrational modes. Further investigations would be beyond the scope of this work.
VI. CONCLUSION
In conclusion, we demonstrate a versatile hybrid system based on a thin circular single-crystal diamond membrane and embedded single NVCs. A certain etching technique is key to producing this hybrid device. Within this architecture, NVCs are used as nanoscale probes to detect the membrane motion in dc and ac regimes, as well as the residual stress of the structure. Theoretical calculations are also provided which support the achieved experimental observations via NVC nanoprobes. The presented results support the potential of diamond quantum hybrid systems to achieve high sensitivity and spatial resolution in piezometry and vibrometry applications. Moreover, such a hybrid system can be exploited in optomechanical cavities [46] and can serve as a platform for photonic structures [47] utilizing NVCs. This work is confined within the groundstate fine structure of single NVCs; however, the excitedstate fine structure offers further opportunities [48, 49] . One can benefit from the controllable stress in such a system to manipulate the excited-state fine structure of NVCs [50] , which is the backbone of their application in quantuminformation processing at low temperature [51] [52] [53] . 
APPENDIX B: FABRICATION PROCEDURE
To realize the planned structure, we start with a CVD electronic grade 13 C natural abundance diamond thin film commercially available from Element Six, machined by DDK to a thickness of approximately 27 μm, with a surface roughness of approximately 2 nm measured by AFM over several areas of 0.5 × 0.5 μm. After cleaning with an aqua regia solution and triacid mixture, we implant nitrogen ions. After cleaning with piranha solution, the sample is heated up to approximately 900°C for approximately two hours under a vacuum of <10 −6 mbar, which is then followed by boiling in a triacid mixture [34] that finally activates single-detectable NVCs. Then we flip the sample, glue it by PMMA on top of a diamond substrate for structural support, and etch the center of it by means of the reactive ion etching-inductively coupled plasma (RIE-ICP) technique based on an Ar=SF 6 gas mixture for > 25 μm.
The mask is a type-I diamond in which a hole is laser cut at its center by Medidia GmbH with roughly the same diameter as the final membrane-however, importantly, with angled walls. The etching rate of diamond in the vicinity of the diamond wall is larger than in other places, resulting in the presence of thinner areas close to the rim of the circular membrane which cause cracks in the final structure. By using an angled-wall diamond mask, we can overcome this problem. This task is achieved through the faster corrosion rate of the mask close to the hole in comparison to other places. Therefore, at the rim of the membrane, diamond film is etched less than at its center.
The etching process is done in a Oxford PlasmaPro NGP80 RIE-ICP machine under a vacuum of approximately 10 −6 mbar, a plate temperature of 20°C, RIE power of 100 W, ICP power of 600 W, and a gas flow of 40 and 25 sccm for SF 6 and Ar, respectively, under the chamber pressure of 20 mTorr. After etching, to remove the fluorine termination, we etch the surface for a few nanometers by means of the soft ICP oxygen-plasma technique [32] . The final resulting etching rate is measured by a Dektak instrument to be approximately 170 nm= min. The resulting surface roughness is measured over a ð1 × 1Þ-μm area in several positions of the membrane by means of AFM, revealed to be approximately 0.4 nm. This measurement shows an approximately fivefold enhancement of the surface roughness by the presented etching recipe, even after etching more than 25 μm of diamond.
APPENDIX C: PRESSURE MEASUREMENTS
The range of pressures over which our device can measure is limited on the (i) low-pressure end by the sensitivity and on the (ii) high-pressure end by the strength of the membrane, as follows.
(i) For a given membrane geometry and location of NVC, the sensitivity is limited by the NVC spincoherence times and the rate of photons collected from the NVC. Therefore, to be able to sense lower pressure, one needs to employ a higher number of embedded NVCs and/or NVCs with longer coherence times. (ii) The high-pressure end can be taken as equal to the burst pressure of the membrane given by [18] P burst ¼ 4 tσ y R ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi
in which σ y ≅ 90 GPa, E ≅ 1.2 × 10 3 GPa, and ν ≅ 0.069 are the yield stress [54] , Young's modulus, and Poisson's ratio of diamond, respectively, and t, R, and σ 0 are the thickness, the radius, and the residual stress of the membrane, respectively. Given the values for diamond and geometry of our presented membrane, the burst pressure is approximately 2500 bar. This value sounds more ideal than realistic for our experiment since breaking of the membrane in the installation points likely occurs at much lower pressures. Nevertheless, it should be noted that, during our measurement, we apply up to 3 bar of dc gas pressure to our device and observe no damage. Considering these two detected pressure limits (≅ 40 and ≅ 10 5 Pa), a broad pressuremeasurement range of approximately 4 orders of magnitude is achieved by our hybrid device, while higher orders might be still feasible.
APPENDIX D: SPIN-ECHO MEASUREMENTS
To perform the spin-coherence measurements, we employ a Hahn echo scheme (similar to that presented in Ref. [34] ), while the piezoelectric chip is vibrating the membrane continuously at its fundamental resonance frequency in a nonsynchronized way with respect to the Hahn echo sequence. The resulting Hahn echo signal as a function of waiting time (τ) can be given by the product of the zeroth-order Bessel function and an exponential decay term based on T 2 time, as follows [4] Fig. 4(a) ] and z ZPF is the zero-point fluctuation of the membrane), χðτÞ is the dephasing due to thermal motion, which is negligible in the driven regime [4] , and A and γ are the fitting parameters. Therefore, by fitting the function in Eq. (D1) to the Hahn echo signal at each piezoelectric voltage, the corresponding values of T 2 and λ can be obtained.
